Abstract. Empirical studies have shown that warm El Nino/Southern Oscillation (ENSO) episodes are associated during northern summer with, ®rst, a southward location of the intertropical convergence zone (ITCZ) over the tropical Atlantic, and, second, a weakened convection over West Africa where the ITCZ is near its mean latitude. A modelling experiment presented here is used to help explain this apparent contradiction. In simulated ENSO conditions, the ITCZ is located southwards over the tropical Atlantic. Over West Africa the intertropical front is also displaced southwards, but more slightly; the ITCZ is located at its climatological latitude and the vertical development of convective clouds over West and Central Africa is reduced due to dynamical subsidence in the upper levels.
Introduction
West African rainfall variability has been connected to sea-surface temperature (SST) anomalies in the tropical Atlantic (Lamb, 1978a,b) , but also in distant oceanic basins (Folland et al., 1986; Palmer, 1986) . In particular, statistical associations have been investigated between Sahel rainfall and SST variability linked to El Nino/ Southern Oscillation (ENSO) events. Some studies have suggested that ENSO plays little or no role in West African precipitations (Stockenius, 1981; Nicholson, 1986; Ropelewsky and Halpert, 1987) . In contrast, Ward (1992) and Palmer et al. (1992) pointed out the importance of ENSO forcing on interannual changes in Sahel rainfall. More recently, Rowell et al. (1995) demonstrated that correlations between West African rainfall and SST in the eastern equatorial Paci®c are large at the interannual time-scale. Moron et al. (1995) and Janicot et al. (1996) also showed that this correlation has increased after 1970 in accordance with stronger ENSO events and with an interdecadal evolution of the global SST ®eld. Studies which found no ENSO ± West Africa rainfall connection may have had the signal obscured by the large interdecadal variability displayed in the region (Palmer et al., 1992) . Hastenrath et al. (1987) computed the correlation pattern between the Southern Oscillation Index of Parker (1983) and the mean sea-level pressures in the tropical Atlantic and Paci®c basins in the July-August periods 1935±1983 (Fig. 1a) . Signi®cant positive correlations appear over the eastern tropical Paci®c (a positive Southern Oscillation Index is associated with a cold ENSO event) and negative correlations cover most of the tropical Atlantic with largest values in a band at 10°±25°N extending from the coast of West Africa westwards into the open Atlantic. In accordance with the wind ®eld correlation patterns (not shown), Hastenrath et al. (1987) concluded that during northern summer warm (cold) ENSO events are associated with a southward (northward) displacement of the intertropical convergence zone (ITCZ) over the tropical Atlantic.
On the other hand, Moron (1993 Moron ( , 1995 analysed statistical connections between ENSO events and African convection estimated through outgoing longwave radiation (OLR) records. In particular, he computed the warm (1976±79±82±83±87) minus cold (1975± 81±84±85±88) ENSO composite of OLR anomaly ®elds over West Africa in July±August. This ®eld (Fig. 2a) displays an overall decreasing convection over West and Central Africa, which is not consistent with a possible southward displacement of the ITCZ over the continent, as Hastenrath et al. (1987) , 1994) . This SST area ( Fig. 3 ) corresponds to the zone of large correlations between SST and West African rainfall pointed out by Rowell et al. (1995) at the interannual time-scale.
Two runs have been performed with this model in perpetual August mode over a 165-day period. The control run has been realized with the monthly mean AMIP-SST ®eld averaged over the period 1979±1988. In the second run, called hereafter``ENSO'' run, the SST anomalies displayed in Fig. 3 have been superimposed to the mean SST ®eld. The range of these anomalies is about 1.5 times those observed during the mature phase of the warm ENSO event in summer 1987. Following Pitcher et al. (1988) , the ®rst 30 days have been used for the model stabilization, then 30 days have been averaged, 5 days omitted, 30 days averaged, 5 days omitted, etc., to obtain an four-member ensemble of independent 30-day-averaged ®elds. Ensemble means and variances have been calculated for each experiment, and dieren- (Parker, 1983) and July± August values of mean sea-level pressure during 1935±1983. Plus and minus denote the sign of the correlation, shading absolute values larger than 0.4 and bold-face type values with local signi®cance at the 5% level. Blanks indicate areas with less than 20 years of data (Hastenrath et al., 1987) . b Simulated mean sea-level pressure anomalies for the``ENSO'' run relative to the control run. Isolines are in tenth of hPa every 0.4 hPa. Anomaly areas signi®cant at the 5% (1%) level are shaded in dark (light) grey ; positive values (full lines) indicate weakened convection. The heavy dashed line indicates the location of the simulated climatological minima of OLR. Anomaly areas signi®cant at the 5% (1%) level are shaded in dark (light) grey ces of the means from the control run have been computed along with their local statistical signi®cance by using a two-tailed t-test with 2(4 ) 1) 6 degrees of freedom. Hereafter dierences between the``ENSO'' run and the control run are presented and compared to the previous empirical results.
Results
Figure 1b depicts the mean sea-level pressure anomalies for the``ENSO'' run relative to the control run. These anomalies are signi®cant at the 1% level over the tropical Paci®c between 20°N and 15°S and over the tropical Atlantic between 25°N and 15°S; they are not signi®cant over West Africa. Considering the negative correlation between the Southern Oscillation Index and SSTs in the eastern Paci®c, the pressure pattern of Fig. 1b is very similar to the correlation pattern of Fig. 1a . In Fig. 1b a zonal dipole is pointed out between negative anomalies over the eastern tropical Paci®c and positive anomalies over the whole tropical Atlantic. Second, higher positive pressure departures over the Atlantic along 15°N lead to a northward meridional pressure gradient along 10°N. This is consistent with the simulated anomaly wind ®eld at 900 hPa (Fig. 4) : west of 15°W along 10°N the north-easterly trade winds are enhanced, resulting from the positive Paci®c SST anomalies which lead to a larger wind convergence in the eastern Paci®c ITCZ located at 10°N in August. This wind enhancement over the tropical Atlantic leads to a southward displacement of the ITCZ (depicted by the peak of 900-hPa wind convergence in Fig. 4 ) near the western coast of Africa. The resulting rainfall anomalies are signi®cantly negative north of 10°N and weakly positive southwards (Fig. 5) . Figure 2b displays OLR anomalies for the``ENSO'' run relative to the control run. The positive anomalies are signi®cant at the 5% level along 10°N over West Africa and over Central Africa between 20°E and 40°E. These anomalies are located on the climatological location of simulated OLR minima, meaning that the ITCZ is still at its mean latitude. This OLR pattern is very similar to the observed OLR composite pattern of the dierence between ward and cold ENSO events (Fig. 2a) . It describes under warm ENSO conditions a decreasing vertical development of convective clouds inside the African ITCZ. The heat source located over the eastern equatorial Paci®c can force subsidence in the upper troposphere over West Africa. The geopotential height anomalies at 200 hPa for the``ENSO'' run relative to the control run are shown in Fig. 6 . Positive anomalies are signi®cant at the 1% level between 30°N and 30°S. Over the SST area of Fig. 3 , this pattern is baroclinic and corresponds to ascending motions. Elsewhere in the intertropical hand, the positive geopotential height anomalies exist in the whole troposphere (in particular over West Africa in the monsoon trough). Such a pattern has been observed by Horel and Wallace (1981) during warm ENSO events and has been described by Lim and Chang (1983) as a zonal barotropic mode. It is associated with a temperature increase in the upper troposphere and corresponds to subsiding motions linked to warm ENSO events (Barnett et al., 1991) . It is consistent with a weakened convection over West and Central Africa. Note also that the positive sea- level pressure anomalies over West Africa (Fig. 1b) , though not signi®cant are consistent with increased subsidence over the region during warm ENSO events. On the other hand, the dry north-easterly winds over West Africa are enhanced, leading to a slight equatorward displacement of the axis of 900-hPa wind convergence (Fig. 4) , in agreement with the weak northward meridional pressure gradient. This axis located between 15°N and 20°N characterizes the intertropical front, that is the line of surface convergence between the wet southwesterly monsoon and the dry north-easterly Harmattan. Consistently the resulting rainfall anomaly ®eld over West Africa has signi®cant negative anomalies north of 15°N and very localized signi®cant positive ones southwards (Fig. 5) . Statistically speaking, the signal associated to the weakened convection inside the African ITCZ (Fig. 2b) is larger than those linked to a southward retreat of the belt of rainfall maxima (Fig. 5) .
Conclusion
Empirical studies have shown that warm ENSO events are accompanied during northern summer by a southward location of the ITCZ over the tropical Atlantic, and by a weakened convection over West and Central Africa where the ITCZ is at its climatological latitude. The ARPEGE-Climat general circulation model has been used to simulate the response to positive SST anomalies in the eastern equatorial Paci®c whose pattern characterizes the mature phase of a warm ENSO episode. The two previous results have been largely con®rmed and do not constitute a contradiction. The model simulates a southward displacement of the ITCZ on the tropical Atlantic resulting from the enhancement of north-easterly trade winds. Over West Africa, the intertropical front is also displaced southwards but more slightly; the ITCZ is still localized at its climatological latitude and the vertical development of convective clouds over West and Central Africa is reduced due to dynamical subsidence in the upper levels. . Anomaly areas signi®-cant at the 5% (1%) level are shaded in dark (light) grey 
